In this paper we describe the characterization of a redox active site in the de novo designed 
carrying out dissimilatory reduction of nitrite to nitric oxide. The Type 2 copper is coordinated to three imidazoles and a water forming a distorted tetrahedral environment, [2] [3] [4] [5] [6] and it is the site where the catalytic conversion of nitrite into nitric oxide occurs (NO 2 -+ e -+ 2H + = NO + H 2 O). The electron necessary for the reduction of nitrogen from the (+3) to the (+2) oxidation state is provided by the reduced Type 1 copper, which in turn is reduced by a pseudoazurin. [7] De novo designed metallopeptides provide a new approach for understanding the active site of metalloproteins, with the ultimate aim to construct new metalloproteins that reproduce the structure and function of native ones [8, 9] . Two important examples of functional, de novo designed enzymes are the DueFerri (DF) and the zinc(II) TRI systems. The first utilizes Fe bound to a 4-helix bundle in a redox role to oxidize phenols, [10, 11] while the second exploits Zn(II) to mimic very well the active site structure and hydrolytic chemistry of carbonic anhydrase, using a 3-stranded coiled coil.
[12]
Among helix bundles containing copper binding sites, examples were reported of Cu(I) [13, 14] and Cu(II) [15] [16] [17] [18] [19] [20] [21] [22] peptides, but only a few examples of controlled binding of copper in (His) 3 binding sites are reported, [16, 20, 21] and only one refers to metal binding to a preassembled apo-three stranded coiled coil. [21] Surprisingly, none of these compounds were studied in terms of Cu(I)/(II) redox processes, which are the key reactions for the design of a functional copper redox protein.
In this paper we present the characterization of the de novo designed peptide Cu(TRIL23H) 3 +/2+
(TRIL23H=[Ac-G-(LKALEEK) 3 
(HKALEEK)-G-NH 2 ]). This peptide binds both Cu(I) and Cu(II)
and, more importantly, forms a functional NiR Type 2 copper center. Thus, this metallopeptide represents the first example of a functional Cu(I)/(II) mimic of a catalytic Type 2 copper center embedded into a designed protein.
Results
The stability of (TRIL23H) 3 at pH 7.4 has been recently reported.
[12] The three histidine residues are believed to bind to first row transition metals based upon the X-ray structure of the related system Hg(II) S [Zn(II) N (H 2 O)](CSL9CL23H) 3 + . This parallel 3-stranded coiled coil contains a pseudo tetrahedral Zn(His) 3 (H 2 O) site ( Figure 1 ). Since both Zn(II) and Cu(I) are d 10 metals, we felt that the latter ion could be bound analogously as Zn(II) to the same (His) 3 site in (TRIL23H) 3 .
Therefore, we reacted the 3-stranded coiled coil with Cu(I) under inert atmosphere to avoid oxidation of the metal. 1 H NMR Spectroscopy. 3 was also studied using the metallochromic indicator pyrocatechol violet by visible competition titrations with the three stranded coiled coil yeilding a conditional log K binding = 6. 
Discussion
De novo metallopeptide design has as an objective the preparation of systems which exhibit structural, physical and functional similarities to known metalloenzymes. These synthetic constructs serve as a bridge between native systems which may be difficult to interogate because of their complexity and small molecule models whose utility may be diminished by the simplicity of the structure which may not allow for complete or accurate reproduction of the desired structure or water, can enforce lower metal coordination spheres, inhibit unwanted dimerization while providing a hydrophobic environment that contains a single metal co-factor at which the desired chemistry may be performed. In a recent study, we have shown that a de novo design strategy is highly effective for providing mimicks of carbonic anhydrase using a mononuclear Zn(II) based hydrolytic system. In this report we explore a de novo designed redox based assembly in both the reduced and oxidized forms of a functional system exhibiting behavior similar to the Cu T2 site in Nitrite
Reductase.
We felt that Cu(TRIL23H) 3 was an ideal system for these studies since the structure of Zn(II) bound to three histidines in the related designed peptide Hg S Zn N (CS L9CL23H) 3 was known.
[12] A comparison of the Zn(II) ion to that of Cu(I) in Cu T2 NIR is shown in Fig. 1 . The overlayed metal sites show that the metal ion enzvironments are well matched and, in both structures, the metal ions are coordinated to the imidazole N ε . A water molecule occupies the fourth coordination position, to
give a tetrahedral environment in both cases which is slighlty distorted from that observed in NiR.
Copper site characterization. With this structural analogy as a starting point we believed that TRIL23H would be an excellent scaffold for building a Nitrite Reductase mimic. We first characterized the apo-(TRIL23H) 3 The stretching frequency ν of CO in the adduct with Cu(I)(TRIL23H) Having determined that Cu(I) and Cu(II) bind to the three histidines of (TRIL23H) 3 strongly, we next assessed the reactivity of these metal centers. As expected based on our predicted reduction potential, Cu(II)(TRIL23H) 3 2+ can be quickly reduced to Cu(I)(TRIL23H) 3 + by addition of sodium Cu(II)(TRIL23H) 3 2+ and nitrite in 100-fold excess (Fig. 2) . The absorbance of the Cu(II) This seems confirmed by the three successive ascorbate additions to the same sample, where absorbance recovery diminishes to 65 % of the initial intensity at the fourth recovery cycle. Finally, the NiR activity showed a pH dependence in the 5.8-7.0 pH range, the activity being higher at lower pH as found for the NiR enzyme. [46, 47] This dependence of the pseudo-first order rate constant is linear with the pH, with a slope factor of 1.15(3) which suggests a first order dependence
.
Conclusions
The copper metallopeptide Cu(TRIL23H) 3 exist in two oxidation states with respect to the metal (+1 and +2). The possibility to cycle between these two oxidation states by addition of a reductant (ascorbate) or an oxidant (nitrite) provides a ground for these metallopeptides to be studied as models for Cu T2 in Nitrite Reductase. The reaction between the reduced Cu(I) form and nitrite leads to the evolution of nitric oxide, and the production of Cu(II)(TRIL23H) 3 2+ . The nitrite reductase activity is strongly dependent on the acidity of the medium. While a significative activity was observed at pH 5.8, the metallopeptide does not exhibit a significant activity at pH 7.4. The initial rate of reaction is follows a first order dependence on the proton concentration and is consistent with the presence of a proton dissociation equilibria involving the free enzyme which affects the rate of reaction. The NMR and visible spectrophotometric characterization of the Cu(I) 
Comment [v23]:
I think this section needs to be expanded. I would not say a dependence on H3O+ but on proton. We do not know whether it is water, a protonated substrate, a protonated protein ligand, a bound water, etc. We also at some point need to actually compare our peptides to NiR. Where have we succeeded, where have we failed to mimic the enzyme. This should also be discussed in the context of this pH dependence of activity. Is the change in activity due to change in our estimated potentials as a function of pH? I doubt it, but we need to address that this is really proton dependent for the reaction rather than simply changing the redox potential. Also, we need to point out that these reactions are slow (how much compared to the enzyme?) and that by lowering the redox potential we should be able to accelerate the rate. Can we say anyhting with respect to previous model studies? Are there any in water which we can compare? If so, what are their rates? Their pH dependencec? If there are no water soluble reactions with small molecules that would be fantastic. Then we would tout that and compare to reactions in non-acqueous solutions. Part of our justfication for doing this is that these should be better than scorpionates or other systems.
and Cu(II) forms of Cu(TRIL23H) 3 prove that in both forms the metal is coordinated to the imidazoles of the histidine residues. While the visible spectrum of the oxidized form suggests that Cu(II) is always (His) 3 coordinated in the range 6 -7.4, differences in the proton NMR spectrum suggest that a change in the Cu(I) coordination of Cu(I) occurs in the same pH range. This behaviour has been interpreted in a possible change from di-to tricoordination of the copper(I) ion in the active site, to which corresond a different nitrite reductase activity.
Experimental
General procedures 1 H NMR spectra were collected on a Varian MR400 spectrometer using gastight tubes where appropriate. The pH values were registered using Hamilton glass microelectrodes. The pH values in D 2 O were corrected using the formula reported in the literature [48] . [Cu(CH 3 CN) 4 ]BF 4 was synthesized as reported in the literature,REF.
Oxygen-free aqueous solutions were prepared in the glove box using doubly distilled water sparged with an oxygen-free nitrogen stream for 6 hr. IR spectra were collected on a Perkin Elmer Spectrum BX FTIR spectrometer, using ZnSe cells.
Visible spectra (400-900 nm) were collected on a Varian Cary 100 UV-Vis spectrophotometer provided with a thermostatting device, using matched quartz cells of 1 cm path length. EPR spectra were collected on a Bruker EMX X band EPR spectrometer provided with a cryostatting device.
Peptide Synthesis and Purification. TRIL23H (AcG-[LKALEEK] 3 HKALEEKG-NH 2 ) was
synthesized on an Applied Biosystems 433A peptide synthesizer using standard protocols [49] and purified and characterized as reported [50] . Solutions of the apopeptide were prepared by weight in doubly distilled water or in buffered solutions were appropriate.
NMR spectroscopy. Samples of (TRIL23H) 3 . The spectrum was collected after 1h. The NO produced was quantitated from the difference spectrum 4 ]BF 4 , at the same conditions described above.
The production of NO starting from Cu(II)(TRIL23H) 3 2+ reduced in situ with ascorbate was performed using the same condition described above (200 mM MES pH 6.0). CuCl 2 ·2H 2 O (1.13 mmol, ca. 0.07 M in water) was added to the peptide, followed by sodium ascorbate (0.565 mmol).
All solutions were prepared in a glove box.
Nitrite reductase activity -Cu(I) oxidation. In the glove box, solutions of Cu(II)(TRIL23H 
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